Relationship between metal-metal bond length and internal rotation in diruthenium tetracarboxylate paddlewheel complexes
alkyl or aryl group; L = solvent or anion) adopt a paddlewheel-type structure, and employ a wide variety of carboxylate and axial ligands (L). 1 The metal-metal bond length for these compounds is dependant on a number of factors, such as the formal bond order between the metals, or 15 the nature of the axial ligand. For example, Cotton, Murillo and co-workers successfully employed the bulky 2,4,6-triisopropyl benzoate ligand to generate a [Cr 2 (O 2 CR) 4 ] compound without axial ligation, which has a M-M quadruple bond that is considerably shorter than axially ligated 20 [Cr 2 (O 2 CR) 4 (L) 2 ] compounds. 2 Understanding factors that influence metal-metal bond lengths is of relevance to multiply bonded species in general, and particularly important for metal-metal multiply bonded compounds as structural information is used to aid in the interpretation of physical and 25 spectroscopic properties, and to help determine the electronic structure. 1, 3, 4 Diruthenium tetracarboxylates can be isolated in a mixed valent Ru 2 II,III form, having a formal Ru-Ru bond order of 2.5 and three unpaired electrons, or homovalent Ru 2 II,II form, with 30 a formal Ru-Ru bond order of 2.0 and two unpaired electrons. 5 These compounds have been attracting significant attention recently as they have application as catalysts 6, 7 and antitumour metallo-pharmaceuticals, 8 and are good candidates for use in functional materials. [9] [10] [11] Metal-metal bond lengths in 35 [Ru 2 (O 2 CR) 4 (L) 2 ] 0/+ species show only a small dependance on the nature of the axial ligand or R group. In common with multiply bonded compounds in general, the Ru-Ru bond length is inversely related to the formal bond order, with a small increase in Ru-Ru bond length observed upon reducing 40 Ru 2 II,III complexes (bond order = 2.5) to their Ru 2 II,II form (bond order = 2.0). 5 In this communication we present a reversal of this trend for diruthenium species containing bulky tetracarboxylates, for which a decrease in bond length is found upon reducing the Ru-Ru bond order. 15 For I, the overall δ-bond order of 0.5 is sufficient in strength to restrict the internal rotation to relieve any steric interactions. The internal rotation Axially coordinated THF molecules and hydrogen atoms have been omitted for clarity. Symmetry equivalent atoms generated using the symmetry operation -x, y, ½-z. Selected bond lengths (Å) and torsion 70 angles (°) for II(THF)2: Ru1-Ru1' 2.2425(6), Ru1-O1 2.051(3), Ru1-O2' 2.059(3), Ru1-O3 2.065(3), Ru1-O4 2.055(3), Ru1-O5(THF) 2.308(3), O1-Ru1-Ru1'-O2 15.2(1), O3-Ru1-Ru1'-O3' 11.9(1), O4-Ru1-Ru1'-O4' 12.9(1).
The relationship between bond order and bond length for 75 MM multiple bonds is often complicated by other factors. Increases in bond order that are accompanied by increases in the metal oxidation state often display irregular and small decreases in bond length. 17 This is due, in part, to contraction of the d-orbitals upon increasing the effective positive charge, 80 weakening the σ, π and δ components and counteracting the increase in bond order. 18 In a rare example, this effect was shown to outweigh the bond-strengthening effect of increasing the bond order for the [ case, the lack of a net δ bond and use of a bulky carboxylate ligand for II causes a distortion of the Ru 2 II,II core, reducing the effective bridging distance of the carboxylate and reducing the Ru-Ru bond length as highlighted in Scheme 2. The oxidised core of I has a net δ bond of 0.5, which is of 15 sufficient strength to reduce this distortion and minimise this effect.
Scheme 2
In summary, we report the synthesis and characterisation of 20 Ru 2 II,III (I) and Ru 2 II,II (II) complexes containing bulky 2,4,6-triisopropyl benzoate ligands. The solid-state structures of the THF adducts of these compounds have diruthenium cores with identical composition that display shorter Ru-Ru bond lengths for II than for I, despite a decrease in the formal bond order 25 from 2.5 to 2.0. This is due to the relationship between electronic structure and internal rotation of the {Ru 2 (O 2 C) 4 
